Introduction
============

Multiple sclerosis (MS) is the most common autoimmune disease of the central nervous system (CNS) leading to severe disability in young adults. It is considered to be initiated by autoreactive T cells that recognize CNS antigens and, in concert with numerous immune cells, orchestrate an inflammatory reaction which eventually results in demyelination and neuroaxonal damage (Aktas et al., [@B1]). Recently, the role of innate immunity in the pathogenesis of MS has attracted more attention and studies on the role of natural killer (NK) cells are appearing in the literature (Gandhi et al., [@B25]).

It is widely accepted that NK cells have two key functions, namely cytotoxicity and cytokine secretion and are considered to be mediated by two major NK cell subsets that can be phenotypically distinguished by the expression of CD56 and CD16 antigens in humans (Ferlazzo and Munz, [@B21]; Strowig et al., [@B74]). More recently, further markers were shown to distinguish between different maturation subsets. We showed that CX3CR1^−^ NK cells were immature NK cells and that the chemokine receptor CX3CR1 may serve in combination with CD56, CD57, CD62L, and CD27 to define different steps of NK cell maturation (Hamann et al., [@B28]). The NK cell maturation and receptor expression profile is depicted in Figure [1](#F1){ref-type="fig"}.

![**Maturation profile of human and murine NK cells, representing major NK cell markers**. pNK, precursor NK cells; iNK, immature NK cells; mNK, mature NK cells.](fimmu-04-00063-g001){#F1}

CD56^dim^CD16^+^ "mature" NK cells represent about 90% of total peripheral blood NK cells and are efficient killer cells which are able to secrete variable levels of interferon (IFN)-γ depending on the stimuli. CD56^bright^ CD16^−^ "immature" NK cells constitute less than 10% of total blood NK cells and are able to produce large amounts of cytokines upon stimulation, but develop cytolytic activity only after prolonged stimulation (Strowig et al., [@B74]). These "immature" NK cells are however enriched in secondary lymphoid tissues (Ferlazzo et al., [@B22]) and sites of inflammation (Dalbeth et al., [@B18]). Interestingly in the neuron-immunologic context of MS, we recently discovered that contrary to blood NK cells, NK cells trafficking to the CSF display a phenotype characteristic for a very early stage of maturation (Hamann et al., [@B27]).

NK Cells in the Pathogenesis of Experimental Allergic Encephalomyelitis
=======================================================================

Experimental Allergic Encephalomyelitis (EAE) is an induced animal model that mimics some features of MS (Constantinescu et al., [@B17]), therefore providing potentially useful insights into the pathogenesis of this disease. For instance, the potential for treating MS with blocking antibodies to the adhesion molecule VLA4 was first demonstrated in the EAE model and has ultimately resulted in the extremely effective disease-modifying MS drug natalizumab (discussed in more detail below).

It is well established that EAE is induced by CD4^+^ T cells specific for myelin antigens. However, demyelination is a result of complex interactions among encephalitogenic, regulatory, and accessory cell populations and factors produced by these cells. The outcome of the disease depends on which components become dominant. Animal studies have clearly shown that EAE is regulated in a complex way, and that a given component can have very different effects depending on the local microenvironment in which it acts (Morandi et al., [@B54]). This may explain why NK cells have been reported to both increase and decrease the severity of EAE.

Shi et al. ([@B70]) demonstrated that MOG failed to induce EAE in IL-18 knock-out mice. Features of EAE could be restored upon IL-18 administration but disease required the presence of IFN-γ-producing NK cells. In contrast, Zhang et al. ([@B83]) have reported that *in vivo* NK cell depletion resulted in exacerbation of clinical symptoms in wild-type C57BL/6 mice. In addition, they also found that depletion of NK cells resulted in an increased severity of symptoms when disease was induced by passive transfer of a MOG-specific T cell line. Furthermore, Xu et al. ([@B80]) reported that EAE is exacerbated by NK cell depletion and that NK cells in PLP induced EAE exert a direct cytotoxic effect on autoantigen-specific, encephalitogenic T cells. Moreover, NK cells expansion (after IL-2 monoclonal antibody complexes injection) attenuated EAE and reduced production of CD4+ Th17 in the CNS (Hao et al., [@B29]). The observations of Xu et al. may be particularly relevant to the pathogenesis of MS.

NK Cells in the Pathogenesis of Multiple Sclerosis
==================================================

The vast majority of studies on the immunopathogenesis of MS have focused on the role of T cells. However, research reports spanning more than three decades have established that there is a significant role of NK cells in relapsing--remitting MS (RRMS) patients (Benczur et al., [@B5]; Merrill et al., [@B52]; Neighbour et al., [@B57]; Oger et al., [@B60]; Kastrukoff et al., [@B38], [@B37]; Infante-Duarte et al., [@B32]; Hamann et al., [@B27]). Activated NK cells are capable of cytolysis of autologous oligodendrocytes and are found in acute inflammatory lesions. In MS however, most studies report a deficiency of NK cytolytic activity in peripheral blood (Benczur et al., [@B5]; Merrill et al., [@B52]; Neighbour et al., [@B57]; Oger et al., [@B60]; Kastrukoff et al., [@B38], [@B37]). These studies employ the *in vitro* chromium^51^ release assay using K562 tumor cells as the target. In 1980, Benczur et al. ([@B5]) reported that NK cytolytic activity against K562 targets was significantly low in MS patients and most particularly so in male patients with a definitive diagnosis of MS. This finding of diminished NK cell-mediated cytotoxicity was quickly reproduced (Merrill et al., [@B52]; Neighbour et al., [@B57]).

Oger et al. ([@B60]) performed a small longitudinal study and found that patients with large asymptomatic MRI lesions had reduced NK cytolytic activity which subsequently increased as the MRI lesions diminished. Moreover, we reported an elevated frequency of immature circulating CX3CR1^−^ NK cells in stable but not in active MS patients (Infante-Duarte et al., [@B32]) supporting the role of particular NK cell subsets in mediating relapse and remission. Furthermore, Kastrukoff et al. ([@B38], [@B37]) have performed longitudinal studies of NK cytolytic activity in RRMS subjects and have demonstrated "valleys" in killing activity that last 4--5 weeks. These transient deficits in cytolytic activity may explain why some studies failed to detect diminished NK cytolytic activity. More important however is their finding of a significant correlation between valleys in NK cell killing activity and new or enlarging active lesions on MRI as well as with clinical exacerbations. These authors concluded that valleys in NK cell killing activity represent periods of susceptibility for the development of active lesions on MRI and clinical attacks and that these valleys are the result of cells with an NK phenotype being unable to deliver a "lethal" hit to targets (Kastrukoff et al., [@B37]).

These studies fit well with reports that NK cell depletion exacerbates disease activity in EAE in rodents.

Effects of Current and Emerging MS Therapies on NK Cells
========================================================

Since the first documented case of MS in the nineteenth century, treatments have evolved in parallel with the emerging understanding of the disease. In the 1860s, Dr. Charcot's trial to treat MS patients with gold and silver proved unsuccessful (Clanet, [@B15]). Over 150 years later, the spectrum of MS therapies has evolved to target the major immunopathological players of the disease, T and B cells (Bar-Or, [@B4]). However, our comprehension of MS is still far from complete and further immunological aspects of the disease, such as involvement of innate immunity and in particular NK cells, have begun to arouse interest.

Although there is still no cure for MS, a range of disease-modifying therapies are available for treating patients. These therapies diminish the risk of relapse but exert limited effects in delaying the progression of disability (Lim and Constantinescu, [@B45]). Despite the broadening spectrum of available therapies for MS in the past few years, there nevertheless remains a lack of selectivity in the available treatments, leading to serious side effects. Currently, the principal approved disease-modifying therapies include IFN-β, glatiramer acetate (GA), natalizumab, fingolimod, mitoxantrone (Lim and Constantinescu, [@B45]), and the very recently approved teriflunomide (Nordqvist, [@B59]). MS immunomodulatory therapies principally benefit RRMS patients, but have been revealed to be ineffective for patients with progressive forms of the disease. Moreover, several new therapies with a variety of actions are currently being tested in phase III clinical trials, including the oral treatments dimethyl fumarate (NCT00420212) and laquinimod (NCT01047319); and the monoclonal antibodies daclizumab (NCT01064401), rituximab (NCT00087529), and alemtuzumab (NCT00548405).

Natural Killer cells are being recognized as a hitherto unexplored player in MS pathogenesis. Thus, the investigation of how different treatments influence NK cell immunology is becoming important in understanding drug-related mechanisms of action and for dissecting out the involvement of NK cells and their subsets in autoimmune neuroinflammation. The principal MS therapies and their modes of action are summarized in Table [1](#T1){ref-type="table"}.

###### 

**Overview of the effect of current and emerging MS therapies on NK cells**.

  Treatment                Mode of action   Effects on NK cells                                                                                                                                                                                                      Induced NK cell phenotype
  ------------------------ ---------------- ------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------ ---------------------------
  **APPROVED THERAPIES**                                                                                                                                                                                                                                             
  IFN-β                    Broad            Decrease of total circulating NK cells in MS patients                                                                                                                                                                    Immature
                                            Expansion of immunoregulatory CD56^bright^/decrease of the cytotoxic CD56^dim^ NK cells in the periphery (Perini et al., [@B61]; Saraste et al., [@B69]; Vandenbark et al., [@B76]; Martinez-Rodriguez et al., [@B51])   
  Glatiramer acetate       APC-P            Influence dendritic cell susceptibility to promote NK cell cytotoxicity (Al-Falahi et al., [@B2]; Sand et al., [@B68])                                                                                                   unk.
  Mitoxantrone             IS               Indirect NK cell enrichment, due to the depletion of other lymphocyte population such as B cells                                                                                                                         Mature
                                            NK cell maturation only in responders to treatment (Chanvillard et al., [@B14])                                                                                                                                          
  Natalizumab              TI               MS: increase of total NK cells and CD56^bright^ NK cells in blood (Putzki et al., [@B65]; Skarica et al., [@B71])                                                                                                        Immature
                                            EAE: treatment reduced NK cell numbers in spleen, lymph nodes, and CNS, comparing with non-treated mice (Gan et al., [@B24])                                                                                             
                                            Treatment broad impact on NK cell trafficking (Gan et al., [@B24])                                                                                                                                                       
  Fingolimod               TI               Diverging results on total NK cells in circulation                                                                                                                                                                       Mature
                                            Decreased CD56^bright^ CD62L^+^ NK cell proportions in blood                                                                                                                                                             
                                            Lymph node egress of immature NK cells blocked (Johnson et al., [@B34])                                                                                                                                                  
                                            Increased NK cell numbers in CSF of treated patients (Kowarik et al., [@B44])                                                                                                                                            
  Teriflunomide            AM               Peripheral NK cell expansion from abnormally low initial values in RA patients (Manda et al., [@B47])                                                                                                                    unk.
  **ON-GOING TRAILS**                                                                                                                                                                                                                                                
  Daclizumab               LD               Higher bioavailability of IL-2 cytokine leading to a large expansion of the NK cell population (Martin et al., [@B48]; Hao et al., [@B29])                                                                               Immature
                                            Expansion of the CD56^bright^ NK cell in the blood, correlating with a positive response to the treatment (Bielekova et al., [@B8])                                                                                      
                                            Expansion of CD56^bright^ NK cells in the CSF of treated patients (Bielekova et al., [@B9])                                                                                                                              
  Alemtuzumab              LD               Pivotal role of ADCC by NK cells in tumor treatments using monoclonal antibodies                                                                                                                                         Immature
                                            Depletion of B and T lymphocytes from the circulation of alemtuzumab treated mice. Cells with little expression of CD52 such as mature NK cells were comparably less affected (Hu et al., [@B31])                        
                                            Alemtuzumab activity ablated by NK cell depletion, indicating a prominent role for NK cell-mediated ADCC in lymphocyte depletion                                                                                         
  Rituximab                BD               ADCC by NK cells previously described to be an essential therapeutic mechanism of rituximab in lupus treatment (Anolik et al., [@B3])                                                                                    
                                            Rituximab clinical outcome in cancer associated with a polymorphism inducing a variation of the FcgRIII receptor affinity (Veeramani et al., [@B77])                                                                     

*unk., unknown; APC-P, antigen-presenting cell promotion; IS, immunosuppressive; TI, T cell inhibition; AM, antimetabolites; LD, leukocyte depletion; BD, B cell depletion*.

Effects of Approved MS Therapies on NK Cells
============================================

First line therapies: IFN-β and GA
----------------------------------

Interferon-β has become a worldwide standard in the treatment of MS. It has immunomodulatory properties, and has been shown to inhibit T cell proliferation, and to impair the trafficking of inflammatory cells into the CNS (Yong, [@B82]; Lim and Constantinescu, [@B45]). IFN-β appears to induce a slight decrease of total circulating NK cells in MS patients. Moreover, several studies have shown a marked expansion in the proportion of the immunoregulatory NK cell subset CD56^bright^ coupled with a decrease of the cytotoxic CD56^dim^ NK cells in the periphery following IFN-β therapy (Perini et al., [@B61]; Saraste et al., [@B69]; Vandenbark et al., [@B76]; Martinez-Rodriguez et al., [@B51]). IFN-β is a potent antiviral mediator. Thus, the expansion of CD56^bright^ NK cells by IFN-β might be related to the enhancement of NK cell functions following the antiviral status induced by this therapy (Kastrukoff et al., [@B39]; Hartrich et al., [@B30]). It has been reported that expansion of CD56^bright^ NK cell and of the inhibitory NK cell receptor NKG2A in blood in MS patient, as well as reduction of both NK cells markers LILRB1 and KIR could be linked to IFN-β treatment, and more specifically to positive clinical outcome (Martinez-Rodriguez et al., [@B51], [@B50]). These results suggest that enhancement of NK cell activity may represent an additional mechanism of action of IFN-β in MS (Martinez-Rodriguez et al., [@B50]). Altogether, these findings suggest that NK cell maturation phenotype is related to the therapeutic benefit of IFN-β, although NK cell could not yet be used as biomarker for response to this therapy.

Glatiramer acetate is a random synthetic polymer composed of four amino acids that are found in myelin basic protein. GA has been reported to promote the development of antigen-presenting cells showing anti-inflammatory properties, such as monocytes (Weber et al., [@B78]) and dendritic cells (Moretta, [@B55]). Since bilateral actions between antigen-presenting cells and NK cells have been demonstrated (Ferlazzo et al., [@B23]; Moretta, [@B55]; Degli-Esposti and Smyth, [@B20]), it has been hypothesized that GA modulates NK cell functional via antigen-presenting cells. In the animal model of MS, GA-treated mice displayed a higher killing efficiency of their NK cells against dendritic cells (Al-Falahi et al., [@B2]). However, GA did not have a direct effect on NK cells activation (Al-Falahi et al., [@B2]). Similarly, GA enhanced NK cell cytolysis against dendritic cells in MS patients, without affecting levels of NK cell activating markers such as NKG2D, NKp30, or NKp44 (Sand et al., [@B68]). Thus, GA seems to influence dendritic cell susceptibility to NK cell cytotoxicity.

Second line therapies: Mitoxantrone, natalizumab, fingolimod, and teriflunomide
-------------------------------------------------------------------------------

Thus far, only a very limited number of treatments are available for patients with progressive MS. The potent immunosuppressive agent mitoxantrone is one of these. However, its use is limited by the appearance of severe side effects. Apart from its general cytotoxic properties, the mode of action of mitoxantrone on the immune system is poorly understood. We have recently shown that mitoxantrone treatment promoted an indirect NK cell enrichment, due to the depletion of other lymphocyte population such as B cells. Importantly, we have discovered that prolonged treatment with mitoxantrone induced NK cell maturation, occurring only in those patients that showed a clinical response to treatment (Chanvillard et al., [@B14]).

Natalizumab was designed to prevent leukocyte accumulation in the CNS of EAE (Kent et al., [@B40]; Yednock et al., [@B81]), and is the first humanized monoclonal antibody approved for treatment of the relapsing--remitting form of MS (Miller et al., [@B53]). Natalizumab is directed against the very-late antigen-4 integrin, which has a crucial role in the transmigration of immune cells across the blood--brain barrier (Ransohoff, [@B66]). Following natalizumab treatment, total NK cells (Putzki et al., [@B65]; Planas et al., [@B64]) as well as CD56^bright^ NK cells were reported to increase in peripheral blood of patients (Skarica et al., [@B71]). In EAE, Gan and colleagues reported that natalizumab treated mice had lower numbers of NK cells in the peripheral lymphatic system (spleen and lymph nodes) and in the CNS, compared to non-treated mice. These findings suggest that natalizumab may exert a broad impact on the trafficking of NK cells (Gan et al., [@B24]). Thus, the increase in circulating CD56^bright^ NK cells in MS patients could be due to NK cell migration from the lymphoid organs, where the CD56^bright^ subset is mainly present, to the circulation. Likewise, their entry into the CNS seems to be blocked. Whether such altered distribution of NK cells has an impact on the therapeutic effects of natalizumab remains unknown.

Fingolimod is an oral compound approved for the treatment of MS. It is a sphingosine 1-phosphate receptor agonist with demonstrated efficacy in reducing inflammatory events in the CNS of MS patients (Kappos et al., [@B36]). Upon phosphorylation *in vivo*, fingolimod rapidly inhibits lymphocyte egress from lymph nodes, therefore preventing access of activated autoreactive T cells to the CNS. Interestingly, despite divergent results on total NK cells in circulation (Vaessen et al., [@B75]; Kowarik et al., [@B44]), fingolimod treatment decreased the proportions of circulating CD56^bright^CD62L^+^ NK cells, without modulating its capacity to produce IFN-γ, tumor necrosis factor (TNF)-α, and IL-10. Within the lymph nodes, about 90% of the NK cells display an immature CD56^bright^CD62L^+^ phenotype. Thus similarly to the action on T cells, fingolimod seems to block the egress of immature NK cells from the lymph nodes (Johnson et al., [@B34]). Moreover, fingolimod was found to increase NK cell numbers in CSF of treated patients (Kowarik et al., [@B44]).

Teriflunomide, the active compound of leflunomide, is an oral drug that was very recently approved by the FDA for MS treatment in the USA. Leflunomide is licensed for the treatment of rheumatoid arthritis and is also effective in experimental autoimmune neuritis and EAE (Korn et al., [@B43], [@B42]). Although few studies have been reported in MS so far, peripheral NK cells have been shown to expand from abnormally low initial values in RA patients (Manda et al., [@B47]).

Effects of Emerging MS Therapies on NK Cells
============================================

Several immunomodulatory therapies are currently being tested for their safety and efficacy in controlling brain inflammation and preventing disease progression in MS.

Daclizumab
----------

Daclizumab is a humanized monoclonal antibody currently in phase III clinical trials for MS. Daclizumab significantly inhibits the appearance of lesions and improve clinical scores (Bielekova et al., [@B10], [@B8]). This treatment was originally given to block the high affinity IL-2 receptor subunit (CD25), a crucial component of T cell proliferation and activation. The action of daclizumab has also been related to a higher bioavailability of IL-2 cytokine, unexpectedly leading to a large expansion of the NK cell population (Martin et al., [@B48]; Hao et al., [@B29]). Daclizumab treatment was reported to induce an expansion of the CD56^bright^ NK cell subset in the blood of MS patients (Bielekova et al., [@B7]). Moreover, this increase correlated with a positive response to the treatment (Bielekova et al., [@B8]). The expansion of circulating CD56^bright^ NK cells was associated with decreased brain lesions (Wynn et al., [@B79]) and inflammation and reduced survival of activated T cells (Bielekova et al., [@B10], [@B7], [@B9]). Interestingly, it was recently shown that daclizumab treatment led to a significant expansion of CD56^bright^ NK cells also in the CSF of treated patients, suggesting that NK cells can suppress immune responses directly in the CNS (Bielekova et al., [@B9]). NK cells, along with lymphoid tissue-inducer cells (LTi), were described to belong to the innate lymphoid cells (ILCs), a novel family of developmentally related hematopoietic effectors that serve protective roles in innate immune responses (Spits and Di Santo, [@B73]; Spits et al., [@B72]). Recently, daclizumab therapy was reported to shift ILCs precursors away from LTi phenotype and toward an NK cell lineage. Mechanistic studies indicated that daclizumab inhibited differentiation of LTi indirectly, directing their differentiation toward CD56^bright^ NK cells through enhanced intermediate-affinity IL-2 signaling (Perry et al., [@B62]).

The specific expansion of CD56^bright^ NK cells in contrast to the CD56^dim^ subset could be explained by their relative expression of the intermediate-affinity IL-2 receptor: CD122. Indeed, this IL-2 receptor is expressed at least 10-fold more by the CD56^bright^ subset compared to CD56^dim^ cells (Bielekova et al., [@B7]). Therefore, this high expression of intermediate-affinity was hypothesized to allow CD56^bright^ NK cells to sustain their IL-2 signaling in the presence of daclizumab, leading to their proliferation (Martin et al., [@B48]; Bielekova, [@B6]).

Thus, while therapies such as GA or IFN-β do not primarily target NK cells but have effects on multiple immune cell types, it appears that expansion of the regulatory CD56^bright^ population of NK cells via intermediate IL-2 receptor signaling is an important biological effect of daclizumab treatment (Kala et al., [@B35]; Kieseier and Stuve, [@B41]; Martin, [@B49]).

Further monoclonal antibody therapies, alemtuzumab, and rituximab
-----------------------------------------------------------------

Natural Killer cells were shown to mediate a lytic attack (antibody-dependent cellular cytotoxicity, ADCC) through binding to FcγRIII receptor (CD16) (Perussia et al., [@B63]). Several *in vivo* and clinical studies assessed the pivotal role of ADCC by NK cells in tumor treatments using monoclonal antibodies (Clynes et al., [@B16]). Alemtuzumab is a humanized monoclonal antibody against CD52, a surface antigen of normal and malignant lymphocytes. It is approved for the treatment of B cell chronic lymphocytic leukemia and is undergoing phase III clinical trials for MS. Treatment of mice with this substance results in dose-dependent depletion of B and T lymphocytes from the circulation. Cells with little expression of CD52 such as mature NK cells were comparably less affected. Curiously, removal of NK cells essentially ablated alemtuzumab activity, suggesting a prominent role for NK cell-mediated ADCC in lymphocyte depletion by this therapy (Hu et al., [@B31]). Also, rituximab is a chimeric monoclonal antibody, which targets the CD20 antigen on pre B cells and B cells. Although NK cells have not been investigated in MS during this treatment, ADCC by NK cells was previously described to be an essential therapeutic mechanism of rituximab in lupus treatment (Anolik et al., [@B3]). Moreover, rituximab clinical outcome in cancer was associated with a polymorphism inducing a variation in receptor affinity of the FcγRIII (Dall'Ozzo et al., [@B19]; Veeramani et al., [@B77]).

Regulation of Autoimmunity by NK Cells in Multiple Sclerosis
============================================================

Regulation of autoimmunity by NK cells can occur through secretion of cytokines and the effect of those cytokines in the local milieu or through cytolytic deletion of effector cells such as T cells and/or antigen-presenting cells.

Disease-modifying therapies for MS that have an effect on NK cells tend to increase the CD56^bright^ CD16^−^ "immature" NK cell population in peripheral blood. In contrast, very little is known about the role of NK cell cytolytic activity in dampening autoimmunity in MS. While published studies have demonstrated that there are transient cyclical deficits in NK cell cytolytic competence as assessed by functional assay, the targets *in vivo* are only just beginning to be elucidated. As mentioned earlier, dendritic cells may be targets of NK cell cytotoxicity designed to dampen autoimmunity by editing antigen presentation, at least when treated with GA.

Nielsen et al. ([@B58]) have studied the ability of CD56^bright^ and CD56^dim^ NK cells to kill autologous activated CD4^+^ T cells through the granule exocytosis pathway. They found that both subsets efficiently killed activated, but not resting, CD4+ T cells. Degranulation of NK cells toward activated CD4+ T cells was enhanced by IL-2, IL-15, IL-12 + IL-18, and IFN-α, however, IL-7 and IL-21 stimulated degranulation by CD56^bright^ NK cells but not by CD56^dim^ NK cells.

Recently, Jiang et al. ([@B33]) have demonstrated that CD56^bright^ NK cells can lyze activated T cells through a granzyme K mediated mechanism. These NK cells degranulate to cause caspase independent apoptosis and mitochondrial dysfunction in activated T cells by preferential transfer of granzyme K. Gene silencing of granzyme K with siRNA abrogated the ability of a CD56^bright^ human NK cell line to kill syngeneic activated T cells. These authors also showed that treatment of MS patients with daclizumab significantly enhanced this mechanism of cytotoxicity by CD56^bright^ NK cells.

The evidence for NK cell regulation of autoimmune effector cells by cytolytic deletion in MS is sparse but intriguing and will undoubtedly provoke more studies. The deficit of NK killing activity in MS has not been explained at the molecular level. As cytolysis of target cells by NK cells is mediated by one of two distinct molecular mechanisms, the death receptor pathway and the granule exocytosis pathway, it could be expected that molecular components of either pathway may be involved.

The death receptor pathway is mediated by membrane-bound or soluble factors belonging to the TNF superfamily that interact with one of the membrane-bound TNF-receptor (TNFR) superfamily agents (MacEwan, [@B46]). Trimerization of TNFRs \[e.g., TNFR1, Fas, and TNF-related apoptosis-inducing ligand (TRAIL) receptors\] activates death-domains in their intracellular tails, which leads to activation of caspases and cell death. The granule exocytosis pathway is dependent on the pore-forming protein perforin, which allows passage of serine proteases (granzymes) into the cytoplasm of target cells (Catalfamo and Henkart, [@B13]). Granzymes induce cell death either through caspase dependent apoptosis or mitochondrial injury.

At the 2012 meeting of the Society for Natural Immunity, we presented experimental results from a cross sectional study indicating that untreated MS patients had a relative deficiency of CD16^+^Perforin^+^ NK cells relative to apparently healthy controls (Nayak and Jacolik, [@B56]). A threshold level of CD16^+^/Perforin^+^ lymphocytes was found at 75%. Ninety one percent of apparently healthy controls had greater than 75% CD16^+^/perforin^+^ lymphocytes in comparison with 50% of untreated MS subjects. CD16^+^/perforin^+^ lymphocytes in glatiramer acetate treated MS subjects were not statistically different from apparently healthy controls, a finding that is consistent with the study reported by Sand et al. ([@B68]) demonstrating increased killing by GA-treated NK cells. No difference in CD16^+^/Perforin^+^ lymphocytes was seen in stroke patients. Low levels of CD16^+^/Perforin^+^ lymphocytes has not yet been correlated with the killing deficit in MS but could potentially begin to provide an explanation for this deficit in MS.

Concluding Remarks
==================

The role of NK cells in dampening autoimmunity and the mechanisms by which this is achieved is of particular interest from a therapeutic point of view. The differential effects of cytokines such as IL-7 and IL-21 in stimulating granule dependent killing in NK cell subpopulations hints at the complexity of regulation of NK cell-mediated cytotoxicity and the potential importance of tissue specific microenvironments in determining functional activity. Of particular importance may be the generation of transient changes in cytokine profiles that may lead to temporary deficits in NK cell killing activity that has been reported to correlate with clinical exacerbations and radiological disease activity in MS. The current disease-modifying therapies have been developed to have a salutary effect on clinical endpoints and so the mechanisms of action remain an object of study after they are in clinical use. Many of the current disease-modifying therapies for MS do have effects on NK cells. However, as more becomes known about how NK cells are regulated in normal and diseased tissues, therapeutic development may specifically target processes that regulate NK cell functions. For example, compounds that increase the proportion of CD16^+^Perforin^+^ NK cells may prevent disease relapses and targeted expression of IL-7 and CD21 may provide competency signals that convert CD56^bright^ NK cells from a predominantly cytokine producing cell type to an efficient cytotoxic cell type. This may also be particularly beneficial in tumors where infiltrating NK cells are predominantly CD56^bright^ cytokine producing cells (Carrega et al., [@B12]). In recent years, NK cells have emerged as potential biological markers for the response to different MS therapies, including IFN-β, mitoxantrone, and daclizumab. Notably, the immunoregulatory and immature NK cell subset CD56^bright^ seems to play an important role in the resolution of MS and to mediate the beneficial effects of several therapies, potentially via modulation of T cell responses. A paradox rises between treatments promoting a more immature NK cell phenotype in the periphery, such as IFN-β, natalizumab, and daclizumab, also linked to a positive clinical outcome; and those inducing a more mature phenotype, such as mitoxantrone and fingolimod.

The increased number of CD56^bright^ NK cells after treatment could result from a diminished maturation rate of CD56^bright^ toward CD56^dim^ NK cells, as those have been described by Romagnani et al. ([@B67]) as being able to maturate into CD56^dim^ cells upon activation. Further possible mechanisms of CD56^bright^ expansion include differential homing of NK cell populations following treatment, leading to an increased output of immature CD56^bright^ NK cells from lymphoid organs into the peripheral circulation. Although trafficking of NK cells has been extensively studied in the mouse (Gregoire et al., [@B26]), human data are scarce (Carrega and Ferlazzo, [@B11]) and so far, only speculative.

Taken together, these studies highlight the importance of the regulatory role of NK cells in the immunopathology of MS. Moreover, the precise beneficial NK cell phenotype that should be targeted in MS remains to be determined.
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